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With  ihe  use  of  high-resolution  transmission  electron  microscopy  die  structure  and  morphology  of 
montmorillonke  (MMT),  a  material  of  current  interest  for  use  in  polymer  nanocomposites^  was  eharacterized- 
Using  both  imaging  theory  and  experiment,  the  procedures  needed  to  generate  lattice  images  from  MMT 
were  established.  These  procedures  involve  cartful  control  of  the  microscope's  objective  lens  dc focus  to 
maximize  contrast  from  features  of  a  certain  size,  as  well  as  limiting  the  total  dose  of  electrons  received  by 
die  sample-  Direct  images  of  the  MMT  lattice  were  obtained  from  neat  Na+  MMT,  organically  modified 
MMT.  and  organically  modified  MMT/epoxy  nanocomposites,  The  degree  of  crystallinity  and  turbostratic 
disorder  were  characterised  using  electron  diffraction  and  high-resolution  electron  microscopy  (HREM).  Also, 
the  extent  of  the  MMT  sheets  to  bend  when  processed  into  an  epoxy  matrix  was  directly  visualized-  A  minimum 
radius  of  curvature  tolerable  for  a  single  MMT  sheet  during  bending  deformation  was  estimated  ro  be  15  nm. 
and  from  this  value  a  critical  failure  strain  of  0.033  was  calculated.  HREM  can  be  used  to  improve  the 
understanding  of  the  structure  of  polymer  nanocomposites  at  the  nanometer-length  scale. 


Introduction 

Organ ic/inorganic  nanocomposites  have  shown  extraordinary 
promise  as  high-performance  materials  over  the  past  decade. 
Layered  silicate  materials,  such  as  montmorillonite  (MMTj,  have 
attracted  significant  interest  as  inorganic  filler  materials  because 
of  their  ability  to  be  separated  into  single  1  rim  thick  platelets. 
When  they  are  properly  processed  into  a  polymer  matrix* 
significant  improvements  in  several  properties  arc  seen  with 
relatively  low  additions  of  filler  material. 1-4  While  much  early 
attention  toward  polymer  nanocompositc  materials  from  industry1 
was  focused  on  reinforced  thermoplastics^’*  ihermosct  nano- 
composites7- 12  have  generated  recent  interest  for  use  in  several 
application  areas  including  aerospace.  Processing  of  MMT  into 
an  epoxy  matrix  is  often  more  challenging  than  processing  it 
into  thermoplastics,  mainly  because  it  is  difficult  to  apply 
sufficient  shear  forces  to  the  material  to  uniformly  disperse  the 
MMT  sheets.  Without  sufficiently  high  shear  forces  fas  exist 
in  process] ng  methods  such  as  extrusion  or  injection  molding), 
dispersion  relics  on  intercalation  of  epoxy  monomer  between 
the  MMT  layers  arid  swelling  of  the  interlayer  spacing  during 
curing  of  the  matnx.  This  leads  to  morphologies  consisting  of 
highly  swollen  MMT  taetoids  that  retain  their  overall  registry 
and  are  reminiscent  of  the  unintcrcaiated  stacks.  Various 
mechanical  properties  (modulus,  strength,  and  toughness) 
depend  on  morphology  on  different  length  scales.  It  is  therefore 
necessary  to  develop  sophisticated  morphology  characterization 
techniques  in  order  to  improve  die  quantitative  description  of 
structure  on  these  length  scales  and  enable  establishment  nf  the 
processing^  rue  turc/prope  it  ies  re  I  ationsh  i  p. 

Montmori  I  Ionite  has  been  the  focus  of  numerous  research 
reports  on  polymer  nanocnmposiie  materials,  and  it  has  many 
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characteristics  that  are  beneficial  for  use  in  this  application. 
These  characteristics  include  a  high  inherent  stiffness  (bulk 
modulus  ^  270  GFa  li)  and  the  ability  to  be  dispersed  in  and 
bond  to  a  polymer  matrix  using  surface  modification  techniques. 
The  detailed  uHrastructural  characterization  of  polymer/layered 
silicate  nanocomposite  materials  requires  a  combination  of 
experimental  techniques,  including  X-ray  scattering  and  trans¬ 
mission  electron  microscopy.  Because  the  properties  of  these 
materials  depend  on  both  the  degree  of  intercalation  of  the 
polymer  between  individual  clay  sheets  and  the  interfacial 
interactions  between  the  polymer  and  those  clay  sheets, 
characterization  mast  be  performed  that  is  sensitive  to  structure 
on  the  nanometer-length  scale.  Wtnle  X-ray  diffraction  (XRD) 
and  other  global  techniques  can  give  information  on  the 
nanometer-length  scale,  they  measure  over  targe  sample  areas, 
and  therefore  local  structural  details  are  averaged  out.  To 
characterize  the  locaL  degree  of  MMT  dispersion,  the  quality 
of  interface,  and  the  MMT  inherent  internal  perfection,  high- 
resolution  electron  microscopy  (HREM)  must  be  used.  Because 
these  materials  are  bulk  structural  materials,  however,  real-space 
characterization  (microscopy)  of  nanocomposites  must  be 
performed  over  large  enough  areas  of  sample  to  ensure  that  an 
accurate  picture  of  the  global  micrestructure  is  obtained. 

HREM  has  provided  new  insights  into  the  microstrocture  of 
a  wide  array  of  technologically  relevant  materials,  including 
inorganic, 14-1 6  organic.17  20  and  nano  composite,  or  “hybrid", 
material s*  such  as  bone.21,22  Interesting  examples  of  the  ap- 
plication  of  HREM  to  the  study  of  nanopaniclcs  include  the 
observation  of  defects  in  carbon  nanotubes,2^-1^  as  well  as 
determination  of  the  symmetry  of  CdSc  quantum  dots.26 
Researchers  have  used  HREM  for  the  characterisation  of  layered 
silicates  and  other  clay  minerals,1*  and  transmission  electron 
microscopy  (TEM)  for  polymer/layered  silicate  nano-  4 
composites,27-23  While  the  results  obtained  have  been  useful 
for  each  particular  study,  the  experimental  techniques  necessary 
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to  generate  and  interpret  HR  EM  lattice  images  from  MMT  in 
nanocompositcs  have  not  been  established.  HREM  imaging  of 
polymer/layered  silicate  nanocomposites  presents  some  chal¬ 
lenges  that  are  somewhat  similar  to  the  challenges  of  HREM 
imaging  of  polymer  crystals,  and  these  will  be  discussed  in 
detail.  In  particular,  they  involve  the  direct  imaging  of  large 
lattice  plane  spacings  (>  1  nm)  and  small  lattice  plane  spacings 
r--0.5  nm)  at  the  same  time,  and  HREM  imaging  of  crystalline 
materials  that  are  sensitive  to  electron  beam  exposure.  Hem  we 
report  the  direct  imaging  of  the  montmoril ionite  (MMT)  lattice 
in  neat  Na+  MMT  samples,  organically  modified  MMT 
(OMMTh  and  OMMT  dispersed  in  an  epoxy  matrix.  The 
expen  mental  conditions  used  to  generate  these  images  will  be 
described  in  detail.  HREM  imaging  of  MMT  sheets  in  several 
orientations  allows  for  a  more  detailed,  three-dimensional 
understanding  of  the  local  .structure  of  nanocomposite  materials 
to  be  developed. 

Experimental  Section 

Nanoeomposites*  MMT  suspensions,  and  organically  modi¬ 
fied  montmorii Ionite  (OMMT)  Suspensions  were  prepared  using 
Cl  oi  site  Na”.  Cloisite  6A+  C  Ini  site  2QA  (OMMT,  cation 
exchange  capacity  m  92  mequiv/iQQ  gL  dimethyl  di tallow- 
ammonium  bromide,,.  Southern  Clay  Products,  Inc.)*  and  Nanocor 
T30E  (cation  exchange  capacity  =  145  mequiv/JOQ  g  mont- 
mon  I  Ionite,  octadecylarnmonium  bromide.  Nanocor).  The  ther- 
mosei  matrix  consisted  of  Epon  $62  (bisphenol  F  epoxy)  with 
aromatic  diamine  (Epikure  W,  Resolution  Performance  Prod¬ 
ucts)  at  a  100:26  ratio. 

The  nanocompositc  fabrication  procedure  followed  that 
reported  by  Kramer  el  al.1 1  In  bnef.  OMMT  was  dispersed  in 
the  epoxy  monomer  with  a  high  shear  mixer.  After  additional 
short  mixing  with  curing  agent  W  and  subsequent  degassing,  a 
two- stage  curing  reaction  (120  *C  for  2  h;  175  CC  for  2  h)  was 
used-  Differential  scanning  calorimetry  (TA  Instruments  Q1000) 
verified  complete  cure  lor  all  concentrations  of  OMMT. 

For  Transmission  electron  microscopic  (TFM)  analysis,  dilute 
{ <0.001  suspensions  of  I Mu-  MMT  in  water  and  20 A  OMMT 
in  toluene  were  cast  onto  amorphous  carbon  support  films  that 
were  approximately  10—20  nm  In  thickness.  ForTEM  analysis 
of  nanocomposites,  ultrathin  sections  of  the  silicate/epoxy 
samples  were  cut  using  a  RMC  PowerTome  XL  ult  rami  do  tome 
equipped  with  a  Diatome  diamond  knife.  A  cutting  speed  of  3 
tnnVs  was  used  to  cut  50  nm  thick  sections  at  room  temperature. 
Sections  were  collected  on  400  mesh  copper  grids.  Hie  sections 
were  then  coated  with  a  thin  layer  (—10  nm)  of  amorphous 
carbon  to  improve  the  stability  of  the  sections  during  electron 
irradiation. 

HREM  images  were  generated  on  a  Phillips  CM 200  FEG 
operating  at  200  kV,  Images  were  recorded  on  Kodak  SO- 163 
film  and  a  1024  x  1024  cooled  Gatan  CCD  at  magnifications 
of  30  K— 225Kx.  Negatives  were  digitized  using  a  Minolta 
DiMAGE  scanner  at  resolutions  of  2400  and  4300  dpi.  linage 
gray  scales  were  adjusted  for  optimum  contrast;  however* 
images  were  not  rescaled  in  size  or  rotated  as  these  operations 
can  induce  artifacts.  Fast  Fourier  transformations  (FFTs)  were 
calculated  from  image  regions  of  si??  512  *  512  pixels  up  to 
4096  x  4096  pixels  using  the  Scion  Image  software.  F"ouricr 
filtering  was  done  by  placing  a  finite  sized  mask  over  only  the 
crystalline  reflections  in  the  FFTs.  and  performing  an  inverse 
FFT  using  only  the  intensity  inside  the  masked  regions.^  A 
Delong  instruments  LVEM5  operating  at  accelerating  voltages 
near  5  kV  was  used  to  collect  low -voltage  electron  micrographs. 

Calculations  of  the  effects  of  microscope  operating  parameters 
on  the  expected  image  contrast  from  polymer/MMT  nano¬ 


composites  were  used  for  comparison  with  experiment.  The 
microscope  parameters  used  for  calculation  of  the  contrast 
transfer  function  plots  and  the  multi  slice  image  simulations  were 
as  follows:  electron  energy  —  200  kV;  wavelength  =  0.002  5-OS 
nm:  Cs  =  1.2  mm;  spread  of  defoeus  =  7.5  nm:  divergence 
half-angle  =  0.5  mrad.  For  the  calculations,  the  [100]  zone 
images  were  simulated  using  a  6,03  nm  x  7,97  nm  x  5.61  nm 
cell  size  in  the  a,  h.  and  c  directions,  respectively  (models  from 
ref  3$).  The  thickness  in  the  direction  of  the  propagating  beam 
was  therefore  6. OS  nm.  and  this  was  divided  into  20  slices  for 
the  multislice  calculation,  The  defoeus  scries  simulated  was  -55 
to  -500  nm  in  steps  of  17  nm.  For  the  1001]  zone  simulated 
defoeus  series,  the  same  celt  and  range  of  defocus  was  used, 
and  the  5.6  mn  thickness  in  the  direction  of  the  beam  was 
divided  into  12  slices  for  the  calculation.  Mathematica  5.0,  the 
Cerius^  HREM  module,  and  the  EMS  online  version  were  used 
for  these  calculations. 

Results  and  Discussion 

The  Results  and  Discussion  are  divided  into  four  sections. 
The  first  section  describes  background  on  phase  contmst  HREM 
imaging  of  extended  crystal  lattices,  and  the  challenges  of 
applying  this  technique  to  polymer/layered  silicate  nano- 
composites.  The  next  section  briefly  describes  the  structure  of 
montmoril!  on  he,  with  references  to  more  detailed  work.  The 
I  bird  section  describes  electron  beam  induced  disordering  of 
materials,  including  MMT-  This  disordering  is  discussed  in  the 
context  of  being  one  limiting  factor  in  the  resolution  attainable 
from  the  HREM  imaging  of  MMT.  Finally,  the  application  of 
HREM  to  MMT  and  MMTfepoxy  nanocompositcs  is  presented, 
wiih  emphasis  on  image  interpretation  and  the  direct  visualiza¬ 
tion  of  local  deformation  and  defect  structures. 

L  Imaging  Theory :  HREM  Imaging  of  Extended  Cry  stal 
Lattices*  For  samples  that  are  sufficiently  thin,  the  contrast  in 
HREM  images  is  linearly  related  to  the  projected  electronic 
potential  in  the  sample.  Contrast  given  to  crystal  lattice  planes 
of  a  certain  d  spacing  in  experimental  images  ts  governed  by 
the  contrast  transfer  function  (CTF)  of  the  microscope.  The  CTF 
describes  an  operation  performed  on  the  electrons  that  exit  the 
sample  by  the  objective  lens  of  the  microscope.  An  ideal  CTF 
would  remain  constant  for  all  values  of  the  reciprocal  space 
vector  magnitude  k.  and  would  decay  rapidly  to  zero  at  a  value 
of  k  defining  the  ultimate  resolution  of  the  microscope.  In 
practice  the  transfer  function  ha^  peaks  and  zeros  and  eventually 
decays  to  zero  at  a  value  of  k  much  less  than  the  reciprocal  of 
the  electron  wavelength.  When  the  CTF  is  negative,  positive 
phase  contrast  results  and  regions  of  high  electron  density  appear 
dark  against  a  bright  background.  When  the  CTF  is  positive, 
negative  phase  contrast  results  and  electron  dense  regions  appear 
bright  against  a  dark  background.  The  experimental  two- 
dimensional  CTF  can  be  visualized  by  HREM  images  of 
amorphous  thin  films.  The  background  of  the  FFT  (excluding 
ibe  crystalline  reflections)  consists  of  diffuse  concentric  rings, 
and  the  intensity  profiles  of  these  rings  are  directly  related  to 
the  square  of  the  CTF.  The  exact  form  of  this  function  at  a 
particular  value  of  defoeus  depends  on  the  electron  wavelength 
and  the  spherical  aberration  coefficient  of  thE  objective  lens. 

The  CTF  is  well  approximated  by  the  function  sdn|jz(Jfc*Afl]. 
where  is  defined  as 

=  xkfXk1  + 

k  is  the  reciprocal  space  vector  magnitude,  Af  is  the  dcfocus, 
Cr  is  the  spherical  aberration  coefficient  of  the  microscope's 
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figure  1-  (a)  Plot  of  sin^^A/)]  at  Schemer  defocus  (-65  am)  for  a 
microscope  operating  as  200  kV.  ibj  Plot  of  C(ft),  the  chromatic 
aberration  envelope  function,  which  is  independent  of  defocus.  (c) 
/.}{£,  Afl,  the  divergence  envelope  function  ai  Schcrzer  defocus,  (d^ 
T<>:,A/;i.  ihe  total  transfer  function,  is  die  product  of  the  curves  shown 
in  pans  a,  b,  and  c. 


objective  iens,  and  X  is  the  wavelength  of  the  incident 
electrons.3 1-13  The  microscope  performs  host,  that  is  the  CTF 
approaches  an  ideal  form,  at  Scheraer  defocus.  The  value  of 
Scherzo  r  defocus,  where  the  First  zero  is  as  far  out  in  A-sp&cc 
us  possible,  is  given  by52 


a &h™r= -i.W 


Figure  ]  shows  a  plot  of  sin \y_]  for  the  Philips  CM 200  at 
Scherzer  defocus.  A  significant  amount  of  contrast  is  measurable 
out  to  k  —  4  nm-1,  or  if  =  0.25  tim.  However,  for  low  values 
of  k ;  or  large  d  spacing®,  the  contrast  is  very  low  at  Scherzer 
defocus. 

The  total  transfer  function,  T(k,Af\  also  includes  the  chro¬ 
matic  and  divergence  envelope  functions.  The  chromatic  aber¬ 
ration  envelope  function,  C(£),  is  dependent  on  the  microscope's 
spread  of  defocus,  A,  but  not  on  the  magni  tude  of  die  defocus 
itself. 

C(k)  -  ftxpj  W) 


T  (k,Af) 


400 


ZQfl 

Af  □ 


-200 


0  1  a  3  4 
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Figiurt  2.  Density  plot  of  T{kAf).  Here  black  regions  oojTespond  to 
values  of  positive  phase  contrast,  white  regions  correspond  to  negative 
phase  contrast,  and  gray  regions  correspond  to  rear  zero  contrast. 
Schcrzer  focus  (A/=  -65  nm)  and  the  posiiiOEL  of  Lhe  First  zero  in  7" 
(-^/2A)  are  overlaid. 

The  divergence  envelope  function.  D(kAf)  is  dependent  on 
both  the  beam  divergence  half-angle,  a,  and  the  dc focus.  Af. 

D(k.Af)  =  exp{-jfV(A/l*l  +  C^\k\yn 

The  total  transfer  function  of  the  microscope  is  then  equal  to 
the  product  of  the  chromatic  aberration  envelope  function,  the 
divergence  envelope  Function,  and  the  function  sitiftj: 

TikAf)  =  cm  Btf,  A/)  s mlx(k, Af)]  (refs  31-3 3) 

The  microscope's  total  transfer  function,  T(kAfh  is  also 
plotted  In  Figure  1  at  a  defocus  value  of  “65  dftl-  With  the 
envelope  functions  included,  il  can  be  seen  that  detectable 
contrast  for  subnanometer  d  spacing®,  such  as  lattice  spue  mgs 
within  a  layered  silicate  sheet,  can  be  obtained  only  near  zero 
focus,  and  to  obtain  positive  phase  contrast  the  microscope  must 
lie  at  Schcrzer  focus. 

Polymer/layered  silicate  nanocomposites,  though,  can  have 
much  larger  d  spacing®  (^>1  nm),  and  these  are  the  intersheet 
spacing®.  To  obtain  good  contrast  at  large  d  spacings,  a  defocus 
value  of  -d^lX  must  be  used.  Jt  closely  follows  the  first 
minimum  in  the  CTF  for  small  values  of  k-  As  the  lattice  plane 
spacing  of  interest  increases  to  3  nm,  the  defocus  necessary  to 
maximize  contrast  between  the  layers  is  1800  nm  for  a 
microscope  operating  at  200  kV.  If  the  Lattice  plane  spacing  ts 
10  nm,  the  optimum  defocus  is  20  000  nun.,  d  spacings  of  10 
nm  or  larger  are  routinely  measured  using  small -angle  X-ray 
scattering  and  Fourier  transform  analysis  of  TEM  images  from 
epoxy/layered  silicate  nanocomposites. lU2  De Focusing  the 
objective  lens  to  maximize  contrast  for  large  d  spacings  can 
improve  contrast  rrom  materials  with  small  changes  in  thickness 
or  density. u  However,  defocus  contrast  can  introduce  some 
image  artifacts  that  must  be  accounted  for,  including  the  increase 
of  the  apparent  MMT  sheet  thickness  as  well  as  the  appearance 
of  dark  and  light  Fresnel  fringes  parallel  to  the  sheets  that  could 
be  misinterpreted  as  additional  sheets. 

We  can  plot  TikAf)  as  a  density  plot  at  a  constant  value  of 
X  and  C5  to  see  the  expected  variations  of  the  microscope 
contrast  as  a  function  of  k  at  different  values  of  defocus  (Figure 
2).  Here  black  regions  correspond  u>  minima  in  T{k,Af\  where 
strong  positive  phase  contrast  results.  White  regions  correspond 
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to  maxima  in  Tik.Afh  where  strong  negative  phase  contrast 
results.  Gray  regions  in  the  plot  have  values  of  T(k.Af)  close  to 
zero.  where  little  contrast  is  obtained-  Two  different  focus 
settings,  both  of  which  are  useful  for  HR  EM  imaging  of 
polymer/layered  silicate  nunocomposites.  are  overlaid.  Scherer 
defocus,  for  a  200  kV  microscope  with  C*  —  1.2  mm.  is  -65 
nm.  At  Seherrar  dcfocus  and  for  small  values  of  k,  T(knAf)  goes 
to  zero  (little  contrast  is  obtained).  Also  overlaid  with  the  density 
plot  is  the  - d V2/.  focus  condition,  which  closely  follows  the 
first  minimum  in  T(LAf)  for  small  values  of  k.  The  crossover 
defocus.  where  the  focus  condition  is  equal  to  the 

•Scherzer  dcfocus  condition,  is  approximately  0-6  nm.  For  k 
values  smaller  than  the  crossover  value,  high  contrast  is  obtained 
using  —  d^TA.  It  can  readily  be  seen  that  for  k  values  larger 
than  the  crossover  value,  however*  the  contrast  in  the  image 
deviates  from  ideal  at  the  — i£72/.  focus  setting,  and  Scherzer 
dcfocus  must  he  used.  The  existence  of  these  two  conflicting 
focus  settings  implies  that  the  simultaneous  HREM  imaging  of 
both  the  inter- and  intrashcci  lattice  spaemgs  in  polymer/layered 
silicate  nanocomposites  will  present  challenges:  however,  with 
careful  understanding  and  application  of  proper  focusing 
techniques  a  great  deal  of  information  can  be  extracted  from 
experimental  images. 

Thc  prior  discussion  primarily  focuses  on  the  manipulation 
of  the  transfer  function  Ttkj5f  \  of  the  objective  lens  to  maximize 
contrast  from  features  of  a  certain  size.  Other  methods  to 
maximize  contrast  are  also  useful.  For  example,  contrast  may 
be  increased  with  the  use  of  an  objective  aperture  to  block  out 
diffracted  beams  scattered  at  high  angles.  Lowering  the  ac¬ 
celerating  voltage  can  dramatically  Increase  contrast;  however, 
resolution  wilt  be  lowered.35"36  Zero-loss  filtering  can  also  be 
used  to  improve  the  contrast  obtained  from  polymeric  materi¬ 
als.'"  For  all  of  these  techniques*  however,  contrast  in  the  image 
is  still  determined  by  the  transfer  function.  For  HREM  imaging 
of  polymer/layered  silicate  nanocomposites,  the  microscope  must 
have  a  high  accelerating  voltage,  be  well -aligned,  and  be  focused 
at  the  Scherzer  defocus  condition  with  no  objective  aperture 
(or  an  aperture  of  sufficient  size  so  that  all  of  the  diffracted 
beams  of  interest  are  used  to  form  the  image). 

I,  Struetu  re  of  Montmori  II  unite-  M Onlmori  lloni  tc  (M MT) 

a  Tender  of  the  smectite  family  minerals  n 

of  1  nm  thick,  hydrophilic  aluminosilicate  layers  that  are 
approximately  100-200  nm  in  lateral  extent.  The  general 
chemical  formula  for  layered  aluminosilicates  such  as  mica, 
MMT.  and  pyrophylite  is  [SuGgTIAUO^OHh],  with  an  octa¬ 
hedral]  y  coordinated  aluminoliydroxide  layer  bound  by  two 
tetrahedrally  coordinated  silica  layers.  In  MMT  the  alumino- 
siheate  sheets  have  charge  defects  in  the  octahedral  layer, 
balanced  by  positive  cations  in  the  van  dcr  Waals  gallery 
between  the  layers.  MMT  predominantly  has  .41  Mg  defects 
in  the  octahedral  layer,  modifying  their  chemical  structure  to 
give  approximately  Nao.ifSijOs]rAli.^Mgo.402(OH)2j.3SThe  MaA 
ions  on  the  surface  of  the  alum  ircogiEi  rate  layers  can  be 
exchanged  with  organic  surfactants  to  decrease  hydrophilicity. 
FLgure  5  shows  a  molecular  model  of  the  structure  in  two 
orientations. 

The  MMT  crystal  structure  is  monoclinic  (C2fm)  with  lattice 
parameters  a  =  0.52  nm,  b  =  0.89  nm,  c  —  Q.95- 1 .00  nm,  and 
/?  —  95— lOO5-.^  Although  a  three-dimensional  unit  cell  and 
space  group  are  often  quoted  for  this  material,  it  is  generally 
well  understood  that  the  structure  Sacks  long-range,  three- 
dimensional  translational  order.  In  reality  the  structure  is 
tufboslratic,  with  tittle  or  no  correlations  between  stacked 
layers.41-1  This  is  supported  by  X-ray  diffraction,  which  shows 


Figure  3,  [010]  and  [00 1]  projections  of  die  moatmorillonite  lattice. 
Atom  color  codes:  Si.  UToago;  Al,  light  purple:  O.  red:  H.  white:  Mg. 
green:  Na,  dark  purple. 
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Figure  4.  Intensity  profile  of  an  electron  diffraction  pattern  taken  front 
6 A  OMMT.  Several  peaks  are  ider.tifEed!.  all  of  which  can  he  indexed 
as  (AfcQ)-typc  reflections  from  the  MMT  lattice.  The  200  kV  electrons 
have  a  wavelength  of  0.0025  nm. 

no  evidence  for  (M/)-type  reflections  In  powder  patterns.'1*-42 
Figure  4  ?hows  one  quadrant  of  an  electron  diffraction  pattern 
taken  from  Cloisite  64  OMMT  with  the  direction  of  the  beam 
normal  to  the  OMMT  sheets.  Similar  patterns  arc  obtained  from 
Cloisite  Na“  and  20.A.  Every  reflection  can  be  indexed  as  (hid)) 
type,43  and  electron  and  X-ray  diffraction  patterns  taken  from 


(020) 
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samples  with  powder  orientation  show  only  i.00/)  reflections 
and  these  {M4))  type  reflections. 

3.  Electron  Beam  Sensitivity  of  MootmoriUrmite,  HR  EM 
imaging  and  electron  diffraction  (ED)  of  beam-sensitive  materi¬ 
als  has  been  reviewed  by  several  researchers,  U-3M+  When 
characterising  a  new  material  by  HR  EM  or  ED.  he  is  desirable 
to  calculate  the  critical  dose  of  electrons  needed  for  destruction 
of  crystallinity  in  the  sample,  commonly  given  in  units  of 
coulombs  (C)  per  square  centimeter.  It  is  then  necessary  to  keep 
the  total  dose  received  at  the  sample  during  imaging  well  below 
this  critical  dose.  Techniques  can  be  used  that  limit  the  dose  of 
electrons  so  that  the  sample  is  irradiated  only  during  imaging. LS 
The  ultimate  resolution  attainable  from  a  beam- sensitive  material 
is  often  limited  by  its  critical  dose,  not  the  optics  of  the 
microscope, 

Kumar  and  Adams43  found  a  correlation  between  the  electron 
beam  stability  of  various  crystalline  polymers  and  them  thermal 
melting  or  degradation  temperature.  Figure  4  show  ^  an  electron 
diffraction  pattern  from  Cloisiie  6A  OMMT  cast  from  toluene 
onto  an  amorphous  carbon  suppon  film-  We  have  found  the 
degree  of  crystallinity  in  MMT  to  be  sensitive  to  electron  beam 
exposure,  with  the  outer  wide-angle  reflections  id  <  0.15  nm) 
in  the  ED  pattern  beginning  to  fade  at  a  dose  of  approximately 
20  C/cm-,  and  the  inner  wide-angle  reflections  =  0.45  nm; 
( 1 10X  (200)  reflections)  fading  at  approximately  100  Clem2. 
The  crystalline  reflections  appear  10  fade  uniformly  over  this 
range  of  electron  dose,  from  the  outside  of  the  pattern  in.  The 
dose  of  electrons  (/>)  received  at  the  sample  cart  be  calculated 
with  knowledge  of  the  microscope  operating  parameters  ac¬ 
cording  to  the  relationship 

D  =  jtM1 

where  /  is  the  screen  current  density,  ns  the  exposure  time, 
and  M  is  the  magmfication.LSThis  means  that,  at  typical  HREM 
imaging  conditions  for  inorganic  materials  (M  =  300 000,  j  — 
100  pA/cm2),  measurable  beam  damage  would  occur  in  ap^ 
proximateiy  2  s,  and  the  critical  dose  (1 00  C/cni2)  would  be 
reached  within  30  s  of  irradiation.  Using  typical  low-dose 
imaging  conditions  (M  =  SO  000,  j  —  10  pA/cm-'h  damage 
would  not  begin  to  occur  for  5  min,  and  the  cn  Heal  dose  would 
not  be  reached  for  25  min.  Gu  et  al.40  have  measured  the  critical 
dose  in  K“  MMT,  non  trite,  and  saponite  to  be  21,  09,  and  27 
C/cm\  respectively.  The  difference  in  MMT  beam  stability 
measured  by  Gu  and  eo- workers  and  in  this  work  may  bo  due 
to  slight  differences  in  chemical  structure  (K“  instead  of  N'a“ 
cations),  cation  exchange  capacity,  defect  content,  or  processing 
history  of  the  material.  The  critical  dose  also  depends  on  the 
incident  electron  energy3*  and  in  some  cases  the  dose  rate, 
although  these  values  were  similar  in  both  cases  and  therefore 
are  not  expected  to  be  the  cause  nf  the  difference. 

According  to  Gri  m,4''  who  examined  the  thermal  behavior  of 
many  types  of  smectites  including  mommori  I  Ionite,  there  are 
several  stages  of  physical  and  chemical  changes  that  sake  place 
in  the  MMT  lattice  during  healing  The  first  is  loss  of  adsorbed 
water  between  the  MMT  layers,  occurring  at  temperatures  of 
100—200  ^C.  With  further  temperature  increase,  dehydroxylafion 
occurs  from  the  internal  lattice  of  the  aluminosilicate  layer  at 
approximately  500 -SOO  °C.  According  to  X-ray  diffraction 
analysis  the  MMT  remains  crystalline  throughout  this  process, 
with  only  slight  rearrangements  detected. 4745  After  these  two 
changes,  both  corresponding  to  endotherms  in  differential 
thermal  calorimetry,  a  third  endotherm  often  occurs  in  mont¬ 
mori  1  Ionites  at  temperatures  of  800-900  °C  that  can  be 
correlated  with  the  destruction  of  the  lattice,  The  critical  dose 


Figure  J.  Crir-cal  dose  of  electrons  for  destruction  of  crystallinity  m 
polymers^  and  montmorillonitc,  correlated  with  their  melting  temper¬ 
atures, 

of  MMT  (100  C/cm2)  can  then  be  correlated  with  its  thermal 
melting  temperature  of  ^850  *G-  This  data  point  shows  a 
relatively  good  correlation  to  the  empirical  power  law  previously 
described  for  organic  materials43  (shown  in  Figure  5),  with  data 
points  for  MMT  added  from  this  work  and  (he  literature,46 

The  correlation  in  Figure  5  is  not  intended  to  suggest  a 
significant  temperature  rise  in  the  specimen  during  irradiation* 
however.  Under  moderate  to  low  dose  irradiation  conditions 
and  with  thin  specimens  a  significant  temperature  rise  in  the 
sample  is  not  expected ,4S'4*  Radiation  damage  mechanisms  in 
solids  involve  more  complex  mechanisms  than  thermal  healing. 
In  polymers  and  organics,  particularly  those  with  aromatic  struc¬ 
tures,  damage  can  he  correlated  with  carbon  K-sbcil  ionization 
events.36  These  events  can  cause  primary  bond  rupture,  forming 
free  radicals  leading  to  chemical  cross-linking  or  other  irrevers¬ 
ible  changes.50  Polymers  with  higher  thermal  stability  are  in 
general  more  electron  beam  resistant,  hi  semiconductor,  ceramic, 
and  oxide  structures,  damage  can  also  occur,  usually  at  much 
higher  electron  doses  than  in  polymers.  Amorpbization  by 
energetic  particles  can  be  explained  by  the  direct  impact  of  a 
displacement  cascade  or  the  accumulation  of  point  defects.  The 
Latter  snechanism  has  been  suggested  to  be  more  important  in 
light  ion  or  electron  irradiation. 5  L3“  A  study  of  radiation  damage 
in  Y-Ba-Cu-O  high  T?  superconductors  showed  that  electron 
irradiation  at  incident  energies  E  <  450  kV  produced  significant 
amounts  of  oxygen  vacancies,33  It  is  likely  that  electron 
irradiation  produces  oxygen  vacancies  in  montmori ilonitc  as 
well,  and  w-hen  a  critical  concentration,  of  vacancies  is  reached 
the  structure  is  rendered  amorphous.  Naguin  and  Kelly54 
suggested  that  amorphization  of  ceramics  should  occur  for 
structures  with  Pauling  iorticities  <0.47,  although  Wang  and 
Ewing51-53  have  reported  the  process  to  occur  in  materials  with 
tonicities  of  up  to  0  6S.  The  ionicity  of  a  structure  is  de lined  as 

ionicity  =  l  -  exp[-0.25(XA  -  X£}2] 

where  and  X%  arc  the  electronegativities  of  atoms  A  and  B 
that  form  a  bond56  The  average  bond  ionicity  of  aluminosilicate 
materials  with  a  structure  [SUO* ||  AbC^QH): J,  such  as  mont- 
mori Ilonitc,  is  0.47,  and  this  value  places  them  in  the  range  of 
materials  that  should  be  susceptible  to  radiation -induced  amor- 
phization,  Addition  of  .Mg  charge  defects  in  place  of  the  Ai 
atoms  in  moderate  amounts  (~-2jQ9k)  only  raises  the  average 
bond  ionicity  of  the  structure  to  0.43. 

4=  Application  of  HREM  to  Rolymer/Layered  Silicate 
Xanocnmposile  Materials.  Sections  1—2  of  the  paper  describe 
the  background  and  experimental  procedures  that  are  necessary 
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FLpirr  ti.  (a)  [1 OCH  projecSion  of  a  periodic  molecular  mode]  of  imca/CLS  Lfliereakted  ranocomposiie.  Three  .simulated  HftRM  images  :u  different 
values  of  objective  tens  defocuK  are  shown.  The  model  and  (he  simulated  Images  are  shown  at  slightlv  different  tnaeinfLeations.  so  only  iwo  MMT 
layers  are  visible  in  (he  model  while  three  are  visible  in  the  simulaied  images,  (b)  [DO I  ]  projection  of  the  model  and  (he  corresponding  simulated 
HR  EM  images,  j-y  axes  On  the  simulated  images  arc  in  units  of  angstroms. 


when  using  HR  EM  in  the  study  of  polymer/layered  silicate 
nanneomposites.  The  following  demonstrates  the  application  of 
this  technique  to  various  layered  silicate  and  polymer/layered 
silicate  nanocomposite  materials.  To  gain  a  greater  understand¬ 
ing  of  the  effect  of  microscope  operating  conditions  on  ihe 
expected  image  contrast.  HR  EM  images  of  layered  silicate/ 
surfactant  molecular  models  were  simulated  using  the  multisllce 
method.  The  multislice  method*7-61  of  simulating  HREM 
images  di  vides  the  sample  into  slices  normal  to  the  incident 
electron  beam.  The  structure  is  then  approximated  as  a  weak 
pEiase  object,  and  the  contrast  in  the  image  is  linearly  related  to 
the  projected  electronic  potential  in  the  sample  by  the  contrast 
transfer  function.  Multiple  scattering  effects  are  also  accounted 
for.  Figure  6  shows  a  periodic  molecular  model  of  layered 
silicate  sheets  (mica  shown  here)  with  Ci^H^-MH?+  surfactant 
molecules  (CIS}  between  the  layers.  Mica  and  MMT  have  the 
same  general  chemical  formula  (see  section  2),  and  the  lattice 
structure  is  similar  as  well,  so  the  results  presented  in  Figure  6 
are  not  expected  to  be  significantly  different  for  mica  or  for 
MMT.  The  number  of  CIS  molecules  between  the  layers  is 
higher  than  typical  OMMTs  in  this  model.  The  cation  exchange 
capacity  of  mica  is  251  mequiv/100  g,  compared  to  92  mequiv/ 
100  g  for  the  MMT  used  in  this  .study.  The  corresponding  values 
of  area  per  surfactant  molecule  for  mica  and  MMT  arc 
approximately  0,47  and  1.41  nm2,  respectively.  The  high 
exchange  capacity  results  in  the  surfactant  tails  having  a  more 
extended  chain  conformation,  lying  approximately  perpendicular 
to  the  sheet  surface,  and  this  results  in  a  large  interlayer  spacing 
(^3  nm).  The  local  density  changes  in  the  model  are  therefore 
comparable  to  OMMT  intercalated  with  some  polymer  material. 
A  defocus  series  was  calculated  for  two  different  projections 
of  the  model,  the  [  100|  direction  (parallel  to  the  sheets)  and  the 


[00  L]  direction  0  ^  90°  in  this  model,  so  this  direction  is  close 
to  but  not  identical  to  the  (00 1)  normal).  As  the  defocus  is 
increased  from  Scherzerin  the  [1001  projection  simulation,  the 
interlayer  contrast  increases  significantly.  However,  the  in- 
imshcct  spaeings  arc  no  longer  resolved  at  -400  nm  defocus. 
Similarly,  at  -400  nrn  defocus  in  the  [001]  zone  axis  virtually 
no  contrast  is  seem  as  only  the  intrasheet  lattice  spaeings  are 
visible  in  this  projection.  The  results  show  that  focus  must  be 
maintained  at  or  near  Schemer  focus  in  order  to  reprodueibly 
image  the  small  intrasheet  spaeings.  This  is  often  hard  to  do  in 
practice,  however,  because  at  this  low  value  of  dcfocus  the 
contrast  between  the  sheets  is  extremely  low. 

Figure  7  shows  an  experimental  defocus  series  taken  at 
dcfocus  conditions  similar  to  those  simulated  in  Figure  6.  There 
is  experimental  error  in  finding  Scherzer  defocus  precisely.  The 
minimum  contrast  focus  setting.32  which  is  near  zero  dcfocus, 
can  be  used  to  find  Scherzer.  Live  visualization  of  the  CTF 
using  FFTs  can  also  be  used  to  find  ScherzeA  although  this 
can  present  difficulties  when  imaging  beam- sensitive  materials. 
At  low  magnification  (Figure  7a.c,e)  the  contrast  in  the  images 
clearly  improves,  with  increasing  dcfocus  In  fact,  at  Sebcrzcr 
defocus  the  sheets  themselves  are  very  difficult  to  see  at  this 
magnification.  This  is  why  a  large  defocus  is  typically  used 
when  imaging  polymer/layered  silicate  nanocomposucs  The 
images  on  the  right-hand  side  (Figure  7b<dJ),  which  are  simply 
magnified  regions  of  the  same  images  on  the  left,  show  that  as 
the  defocus  is  increased  from  Sclierzer  the  visible  fine  structure 
in  the  image  is  lost.  Et  should  be  noted  that  the  total  electron 
dose  for  alt  linages  was  kept  well  below  the  critical  dose.  At 
-2G€  rnn  de locus  the  high-frequency  lattice  fringes  are  still 
resolved,  and  the  contrast  from  tEie  layers  is  greatly  improved, 
making  this  focus  setting  an  apparently  good  compromise- 
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Figure  7h  ExperimeniaS  djefocus  series,  of  J30H  OMMT/epoxy  nano- 
composite  at  defbcus  values  of  approximately  -51  -700,  and  -400 
tun.  The  images  cm  the  n^tit-hand  side  are  magnified  from  the 
comes-pondiug  images  on  die  lefL 


Maintaining  reproducible  and  interpretable  contrast  from  the 
high-frequency  fringes  so  far  from  Schemer  defocus  is  difficult, 
however,  These  results  demonstrate  that  it  is  desirable  io  focus 
ai  $clier?er  defocus  in  order  to  simultaneously  image  both  the 
targe  (intersheet)  and  small  tjnirxishee:)  lattice  spscmgs  present 
in  pol y  mer/1  ayere d  silicate  nanocomposites. 

Within  an  exfoliated  nanocomposite,  jingle  MMT  sheets  can 
be  imaged  in  several  orientations  using  die  HR  EM  methods 
described  in  ihe  previous  sect  inns.  Figure  £  shows  an  image  of 
one  MMT  sheet  oriented  edge- on  in  an  exfoliated  nano- 
composite.  A  large  amount  of  inirasheet  detail  can  be  seen.  The 
image  shows  good  quantitative  agreement  with  several  lattice 
projections  of  MMT,  as  determined  from  Fourier  transform 
analysis,  and  it  shows  the  best  qualitative  agreement  with  the 
[75ft |  projection  (ihis  projection  of  the  molecular  model  is 
shown),  With  the  ability  to  image  intrasheet  lattice  spacings  of 
MMT  sheds  in  nanocomposites  using  HREM.  sheets  in  several 
different  orientations  can  be  located  and  their  lateral  extern 
measured-  Also,  internal  lattice  detects  such  as  grain  boundaries 
or  edge  dislocations  can  be  directly  visualized  using  HREM 
methods.  The  MMT  sheets  have  a  low  defect  density*  most 
likely  due  to  the  high  energies  associated  with  such  defects, 
and  therefore  direct  images  of  these  defects  ana  expected  to  be 
difficult  to  obtain.  HREM  taken  from  individual  sheets 
demonstrates  this  low  defect  density. 

We  used  a  solution  casting  method  to  prepare  MMT  and 
OMMT  samples  with  sheers  parallel  to  the  substrate.  Low 


Figure  8.  HREM  image  of  an  OMMT  sheet  embedded  in  an  epoxy 
matrix  compared  with  an  MMT  molecular  modcl- 


Figu  re  9.  Law- voltage  electron  micrograph  of  20A  QM M T  ■:  ast  from 
dilute  solution  onto  an  electron  transparent  amorphous  carbon  film. 
Regions  of  individual,  l  DID  thick  MMT  sheen*  can  slcarly  t>e  seen, 
An  electron  diffraction  pattern  captured  from  a  single  sheeL  on  the 
LVEM  is  inset, 

concentrations  of  Na“  MMT  and  2QA  OMMT  were  dispersed 
in  solvents  and  cast  onto  thin  amorphous  carbon  substrates.  In 
the  resulting  samples,  pseudo  monolayers  of  individual,  M  nm 
thick.  MMT  sheets  were  formed  on  the  electron  transparent 
substrate.  Occasional  clumps  or  stacks  of  the  clay  sheets  were 
seen;  however,  it  was  possible  to  find  large  regions  of  single- 
layer  MMT,  The  morphology  of  the  resulting  films  can  be 
generally  well  understood  from  ihe  LVEM  micrograph  shown 
in  Figure  9.  The  use  of  low-voltage  electron  microscopy 
(LVEM)  can  considerably  increase  contrast3*  from  ihe  3  nm 
thick  MMT  sheets  in  plan-view  orientation.  Micrographs  from 
these  samples  taken  at  200  kV  show  little  contrast.  An  electron 
■diffraction  pattern  from  a  single  sheet,  obtained  on  the  LVEM 
from  a  region  of  sample  approximately  the  size  shown  by  the 
dashed  circle,  is  inset  in  Figure  9.  Although  this  diffraction 
pattern  shows  the  single-crystalline  nature  of  a  single  sheet,  the 
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Fcj^urc  10,  (a)  HREM  image:  from  a  region  of  single-layer  OMMT.  The  Fourier-filtered  Image  is  inse?.  {b}  The  power  spectrum  of  the  Fast  fourier 
transfonnatLoi)  (FFT).  taken  from  the  raw  HREM  image  in  pan.  a,  shows  extremely  sharp  reflections  which  can  be  indexed  at  (130)  and  (020^  fc) 
HREM  image  from  single-layer  Na*-  MMT.  The  Fourier-filtered  Image  is  inset,  (d)  The  FFT  from  pan  e. 


MMT  layers  exhibit  an  irregular  overall  morphology,  and 
faceting  ollhe  external  sheet  edges  on  low-index  lattice  planes 
ts  rarely  observed. 

Figure  1 0a  shows  a  HREM  micrograph  of  20 A  OMMT  sheets 
cast  from  toluene  on  an  amorphous  carbon  substrate.  The  FFT 
from  the  image,  shown  in  Figure  1 0b.  exhibits  the  near- 
bexagonai  symmetry  of  the  MMT  100 5  |  projection.  The  Fouricr- 
Fdtened  image  is  inset  in  Figure  10a.  This  was  generated  by 
selecting  the  local  area  of  intensity  around  the  reflections  in 
the  FFT.  performing  an  inverse  FFT.  and  overlaying  the  Fourier- 
filtered  image  with  the  raw  image.  HREM  image  simulations 
were  also  preformed  for  the  MMT  [001]  projection  Figure  1 1). 
to  compare  the  contrast  with  experimental  images.  Good 
agreement  is  seen  for  a  defocus  of  - 100  nm.  A  data  set  similar 
to  that  of  Figure  I0u,b  is  shown  In  Figure  1  Gc,d  for  MMT, 
with  no  organic  surfactant  present,  cast  from  water  onto  an 
amorphous  carbon  film.  The  results  are  identical,  indicating  ibat 
the  lattice  fringes  do  indeed  arise  from  the  internal  structure  of 
the  MMT  sheets,  and  not  from  any  effect  of  the  surfactant.  The 
extremely  sharp  reflections  in  the  FFTs  from  these  images 
(Figure  10)  show  the  high  degree  of  Older  present  at  the  atomic 
scale  within  the  aluminosilicate  sheets  themselves.  There  is  no 
evidence  for  edge  dislocations  with  Burgers  vectors  in  the  plane 
of  the  sheets  over  large  regions  (several  sheets,  several  hundred 
nanometers).  Occasionally  regions  are  Imaged  that  have  low 
contrast  and  show  only  one  or  two  reflections  in  the  FFT,  and 
this  is  most  likely  due  to  slight  local  changes  in  orientation  of 
the  sampie.ia-62 


An  HREM  image  of  a  stack  of  OMMT  (20 A)  cast  from 
toluene  is  shown  in  Figure  12a.  We  have  seen  evidence  for 
uncorrelated,  turbostratic-typc  staekiag  of  OMMT  sheets,  as  can 
be  seen  in  Figure  12a  and  the  corresponding  FFT  (below).  The 
image  shows  no  discernible  lattice  fringes  over  long  renges. 
arid  the  FFT  shows  several  peaks  at  0.45  nm  representing  the 
superposition  of  several  patterns  from  single  sheets,  such  as  the 
single  sheets  shown  in  Figure  10.  Figure  l:2h  also  shows  no 
long-range  lattice  fringes,  and  the  FFT  also  reveals  the 
superposition  of  several  single  sheets:  however,  in  this  case 
apparent  interlayer  correlations  are  visible.  The  FIT  of  Figure 
12b  clearly  shows  the  stacking  of  at  least  six  individual  OMMT 
sheets  with  rotation  angles  of  n  x  (6a}+  where  n  is  an  integer. 
It  is  possible  that  the  stacking  of  sheets  with  n  x  (6a)  rotational 
angles  is  coincidental:,  however,  the  regularity  in  the  FFT  is 
striking.  The  distinction  between  ordered  {where  the  &  and  b 
axes  are  parallel  in  successive  .sheets  in  a  stack),  semi  ordered 
(orientation  defined  by  n  x  (60*)  rotations),  or  turbostratic 
stacking  has  been  examined  in  smectites 40  There  it  was 
concluded  that  the  stacking  in  montmori [Ionite  was  always 
turbostratic.  More  work  will  be  necessary  to  estimate  the  size 
of  the  relative  populations  of  turbosiraiic  vs  correlated  layer 
stacking  using  HREM. 

Finally,  HREM  was  also  used  to  study  MMT  sheet  bending. 
It  is  important  to  note  that  these  individual  sheets  are  not  rigid 
plates,  but  because  of  high  aspect  ratios  they  can  he  highly 
flexible  and  show  3ocali?cd  bending.  The  elastic  properties, 
including  the  bending  stiffness,  of  single  MMT  sheets  have  been 
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l*1f5U re  It,  Simulated  HREM  images  from  Lhe  direction  norma]  to 
i he  MM'T  sheets  tor  a  single  layer  at  varying  valuer  of  defocLis.  A 
grad  match  to  the  CKperimen  i  ;it  lLili  i  n  Figure  ]  Oa  is  seen  at  a  defraus 
of  —  1C*G  nm, 


examined  using  molecular  simulation  techniques.13  Figure  13 
shows  a  region  of  an  intercalated  or  swollen  epoxy/OMMT 
nanocoinposite  where  the  layers  are  coherently  bent.  At  the 
outside  of  the  bent  stack  of  intercalated  sheets,  where  the  radius 
of  curvature  is  The  largest,  uniform  bending  is  seen.  Nearer  the 
center  of  the  bent  stack  the  radius  of  curvature  quickly  drops 
And  ihe  GMMT  sheets  form  localized  kinks.  In  the  following 
discussion  buckling  is  defined  as  ihc  failure  of  a  sheet  by 
bending  during  compressive  deformation  along  the  plane  of  the 
sheet  (Euler  buckling).  Kinking  is  defined  as  rite  failure  of  a 
sheet  hy  severe  localization  of  strain  to  a  single  point  along  the 
sheet  during  uniform  eLastic  bending-  Sroiovitz  el  al.63  have 
investigated  the  energy  balance  between  coherent  bending  and 
localized  kinks  in  crystals,  and  K libel  ei  ah04  have  compared 
the  energies  of  coherent  bending  vs  bending  mediated  by 
interlayer  slip.  In  the  ease  of  the  bent  stack  of  sheets  in  Figure 
13.  ibe  radius  of  curvature,  tf0  of  the  layer  at  the  outside  of  the 
stack  is  approximately  34  nm.  For  an  aluminosilicate  layer  of 
thickness  f  -  1.0  urn,  this  corresponds  to  a  maximum  strain  of 
€  =  0 r5{l/Rf)  =  0.015  concentrated  at  the  inside  (compressive) 
and  outside  (tensile)  edges  of  ihc  bcnl  single  sheet.155  Toward 
the  center  of  the  stack  the  bending  becomes  more  localized  and 
decreases  to  15  nm  (e  =  0.033).  Inside  ibis  region,  near  the 
inside  layers  of  the  stack,  a  localized  kink  is  formed  and  R<  is 
too  small  to  be  measured.  If  we  consider  one  of  the  inside  layers 
of  this  stack  (tf-  =  15  nm,  ^  =  0.033)  to  be  the  largest  strain 


Figure  12.  Regions  of  multiple  layers.  showing  evidence  for  both 
correlated  and  uni  correlated  stacking.  The  HR  EM  of  20  a  GMMT 
(shown  in  (a))  and  Us  FFT  show  no  clear  correlations.  T he  HREM 
image  of  the  same  sample,  different  region  (shown  in  (b))F  shows 
evidence  for  interlayer  correlations. 


R  =.34  nm 


RC=15 


kink 

Rt-0 


Figure  13.  Bright- field  TEM  image  of  a  region  of  GMMT  (I30EJ 
sheets  in  a  nanocomposite  showing  localized  bending. 


tolerable  fry  a  single  sheei  before  kinking,  ibis  strain  would  be 
analogous  to  a  yield  or  fracture  strain  for  a  single  sheet  in  a 
bending  geometry. 

Manovitch  and  Ruilegc33  have  simulated  the  failure  of  a 
single  MMT  sheet  during  compressive  deformation  by  buck¬ 
ling  The  simulation  measured  the  slope  of  (he  force  vs  strain 
curve  i'mea-suring  strain  as  the  change  in  length  of  the  simu¬ 
lation  cell  divided  by  the  original  length),  and  found  this 
slope  to  he  constant  below-  the  buckling  strain,  where  the 
deformation  was  elastic  and  in  a  uniaxial  compressive  geom¬ 
etry  Above  the  buckling  strain  the  sheet  bends  out  of  the  plane 
of  compression  and  the  slope  of  the  force  vs  strain  curve* 
decreases.  This  buckling  strain  was  found  to  be  0=034.  This 
critical  failure  strain  foe  a  single  sheet  is  in  good  agreement 
with  the  critical  strain  measured  here  from  radius  of  curvature 
measurements,  although  the  deformation  geometry  is  different 
in  the  two  cases. 
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The  simple  calculations  presented  here  show  (hat  the  muxi- 
mmn  strain  in  MMT  layers  that  occurs,  from  bending  to  high 
curvatures  i 'Rz  --  15  nm)  is  still  relatively  low  (^3%),  This  low 
strain  arises  from  the  low  thickness  of  the  sheet  (— 1  nm).  Even 
though  the  modulus  of  the  sheets  Is  high,  it  is  clearly  possible 
for  them  to  show  large  amounts  of  bending.  While  100-200 
nm  in  lateral  extent  (see  Figure  9),  MMT  has  been  shown  to 
have  persistence  lengths  on  the  order  of  only  ]  0  nm  in  aqueous 
suspension.66  Inhomogeneous  local  stresses  due  to  differences 
in  epoxy  curing  rates  may  cause  the  types  of  coherent  bending 
shown  in  Figure  13. 

Conclusions 

Using  a  combination  of  HREM  imaging  theory  and  experi¬ 
ment,  we  have  described  the  procedures  necessary  to  image  both 
the  inter-  and  intmshcet  lattice  spacings  in  pot  y  tner/1  ay  ere  d 
silicate  natiooomposit.es.  This  technique  allows  us  to  improve 
the  understanding  of  nan  composite  structure  at  the  100  nm  to 
subnanomfiter-length  scale,  The  application  of  transmission 
electron  microscopy  in  general  to  polymer  nanocomposites  has 
suffered  primarily  because  of  the  experimental  challenges 
inherent  in  the  technique.  These  challenges  include  reprodudbly 
generating  high  contrast  between  the  different  components  in 
the  nanocomposite,  as  well  as  relating  features  in  (he  two- 
dimensional  image  to  the  three-dimensional  sample  structure. 
With  the  use  of  HREM  techniques,  we  have  addressed  both  of 
these  issues,  by  con  trolling  the  de  focus  of  the  microscope  to 
maximize  contrast  from  features  of  a  certain  size,  as  well  as 
direc i.  imaging  of  the  MMT  sheets  in  several  orientations  (not 
just  "edge  on"1}.  Several  structural  characteristics  of  the  layered 
silicate  feller  material  were  characterized,  including  experimental 
verification  of  the  montmorillonite  unit  cell  parameters  using 
HREM,  direct  visualization  of  the  irregular  overall  sheet 
morphology,  the  low  defect  density  in  the  sheeis  themselves, 
and  evidence  for  some  intershecl  correlations  in  stacks  of 
organically  modified  montmorillonite  cast  from  solution.  Sig¬ 
nificant  sheet  bending  was  seen  in  swollen  (intercalated) 
nanocomposites,  and  the  bending  was  often  coherent,  with 
neighboring  sheets  having  similar  contours.  Analysis  of  the 
radius  of  curvature  in  a  stack  of  coherently  bent  inicrealatcd 
MMT  sheets  gave  u  failure  strain  in  a  bendina  geometrv  of 
0.033. 

Acknowledgment.  The  authors  are  grateful  for  the  technical 
assistance  of  Petr  Stepan  for  LVEM  Imaging,  We  thank  I  lendrik 
Heinz  for  providing  the  mica/C  IS  and  montmorillonite  molec¬ 
ular  models,  as  well  as  for  extremely  helpful  discus-si  on  s.  We 
gratefully  acknowledge  Rajesh  Naik  and  the  Biotechnology 
group  at  WPaFB  for  support,  as  well  as  the  Materials  and 
Manufacturing  Directorate,  the  Air  Force  Research  Laboratory, 
and  the  Air  Force  Office  of  Scientific  Research  for  fundmg. 
This  research  was  performed  while  LFD  held  a  National 
Research  Council  Research  Associate  ship  Award  at  WPAFB. 

References  and  Notes 

(1)  Ray,  s.  S,;  Okamoio,  .VI.  Prog.  Paiym.  ScL  2IH13,2tf,  I 539—  I £4 1 . 

(2)  Alexandre.  M:  Dubois.  P.  Mater.  Sci.  Eng.  2IHH).  2$.  1 

(3)  Ahmadi.  S  J.:  Huang,  Y.  D.-  IJ,  W.  J.  Mater.  Sri.  2004,  39.  10 19— 
1925 

(4)  Pinnavaia.  T.  J.,  Beal,  Q.  W.  Poimtr  Clay  WanOcompo  sites: 
Wiley:  New  York ,  2000- 

15)  UsukL,  A.:,  ct  al.  J-  Mater.  Res.  1993,  S,  1179-1134. 

(6)  Kcjima,  Y.-  ct  al.  J.  Mater.  Res-  1993.  S,  1185-1189. 

(7)  Mesinramlth,  F.  B„  Gian^lis,  E.  V- Chem.  Mater.  1994.  tf.  1719- 
1725. 

(5)  Wang,  M.  S.i  Pinnavaiy,  T-  l  Chem,  Mater.  J994,  6,  4*8-474. 


J.  Phys.  Chen j.  B,  Voi  109 ,  No.  33f.2005  17877 

(9)  Brown,  J.  M.;  CurlisE.  !>,:  Vaia,  R.  A.  Chef)?.  Mater.  20  (HI.  12, 
3376—3384. 

(10)  Mivagawa,  H.:  Rich,  M.  Drzal,  L  T-  J.  Palm-  Set-  B;  Potvm, 
Phys.  2004,  42,  4384-4390. 

(It)  Kocmer.  H-;  Jacobs.  D-;  Tomlin.  D,:  Bnsbee.  J.:  Va ]a.  R.  Adi-. 
Muter.  2004.  16,  297-302. 

(12)  Koetner,  R:  et  at.  Chem.  Mater.  2905,  17,  1990-  1996. 

(13)  Manevitch*  O.  L.:  Rutledge,  G.  C.  J.  Phys.  Che m.  B  20(14.  10B, 
1428-1435. 

(14)  Eusrk.  P.  R.;  Vcblcn,  19.  R.  Mineralogy.  In  High  Resolution 
Transmission  Electron  Microscopy:  Busek,  P.  R.,  Cowley.  J.  M..  Eyring, 
L-.  Ed* ;  Oxford  L’niversitv  Press:  Oxford,  1992;  Chapter  9. 

(15}  Wjing,  Z,  L  /.  Phys.  Chew  B  2000.  104,  1153-3175. 

(10)  Zhu,  S.:  Sun,  K.-  Zhang.  Q  ■  V  i  Zn.  X.  T.;  Wang.  L.  Ms  Ewing, 
R-  C  1  Appl  Rhys.  2003.  94,  564&-5&5I. 

(17)  Kobayashk  T.  Crystals;  Growth,  Properties  and  Application. 
Organic  Crystals  S:  Chararte rization :  Karl.  N.,  E-'rcyhardt,  H.  C-,  Mueller, 
G.,  Eds.;  Springer:  Berlin,  3991 ,  Vi>1.  13,  pp  I -(54. 

(15)  Marring  □.  C-,  Thorny,  f_  l..  Potynm  1995,  36.  1743- 1759- 

(19)  Martin,  D.  C:  Chen,  J.;  Yang,  J.;  Dfummy,,  L-  R;  KUbek  C.  J. 
Potym.  Phys.  3-  Potym.  Phys.  2005,  43.  1749-1778. 

(20)  Voigt. Mart  in,  L  G.  Ac  m  Roly  m.  1996,  47,  311-322. 

(21)  Cmslnier,  F-  J,  G.:  Stoner.  P.;  Bri^n  A.:  Voegei,  1.  C.  J.  Cnst. 
Gwwth  1995,  /J CT,  443-  453 

(22)  Chen,  Q.  2.:  er  ul  Biomaterials  2004.  25. 4243-4254. 

(23>  Van  Tenddoo.  G.^  Bemaens.  D.:  Amelinckx,  S.  Carbon  199S,  36. 
4S7-493. 

(24)  Hsihimritn.  A.:  Suenacia,  K.  \  C  r  In  ter.  A..  IJiita,  K.:,  lijirro,  S-  Nature 
2(S0J,  430,  871}- 873. 

(25)  Tanaka.  N-l  Yamasaki,  J  :  Ka^ai.T  ■  Pan,  H.Nanatechndogv  2004 
15,  1779-1784, 

(2*)  ShiilJig.  J,  J. l  Kadavanich,  A.  V.;  Grubbs,.  R.  K.;  AHvisates,  A.  P. 
J.  Phys.  them.  1995.  99,  E  74  [7-17422. 

{27}  Yaron-Marcrmch,  D.:  Chen,  Y\,  \ir,  Pros.1,  R.  Emdrffl-  Sri. 
Terknvl.  2005,  39,  1231-1238. 

(2S1  Cl  ir.ard,  C...  Mandila.  T.;  Tehoubai;  D.;  Bergava.  F.  Clays  Clart 
Miner,  2003.  51,  421-429 

(29)  Yoonessi.  M.;  Toghiank  H.i  Daultmt,  T.  L.^  Lin.  J.  ii.;  Piumaji.  C. 

U.  jW a. i  rorno lend e s  2005.  3S,  818—833- 

{30)  Prad&re.  F.;  Thomas.  E.  L.  Ultramirroscopy  1990,  32,  149. 

(31)  Spence,  S.  C.  H.  High  Resniutioti  Electron  Microscopy,  3rd  ed-, 
Oaford  Uuiveraily  Press:  Oxford,  2003- 

(32)  Williams,  D.  B.i  Carter,  C  B-  Transmission  Electron  Microscopy: 
Plenum  Press  New  Yoik,  3990. 

(33)  Cowley,  J.  VI.  Imaging.  In  High  Resolution  Transmission  Electron 
Microscopy  anil  Associated  Techniques:  Bust'k.  P.  R..  Cowley,  J .  M. .  Eynng, 
L..  EdS.L  Oxford  ItniverELty  E^ttme:  New  Yortc,  E9H8;  Chapter  L. 

(34)  Handlin,  D.  L.; '  L  ho  mas.  E.  L.  Marram  alec  ules  19^3.  16,  1514— 
1525. 

(35)  Lednlcty,  F.;  CoufaJova,  F.:  Hron'ia-dkova,  J.:  Delons1.,  A.:  Kolarik, 

V.  Polymer  2000,  41..  4909-4914. 

(36)  D rummy,  L.  F-:  Yang,  J.:  Martin,  D.  C.  b'itm microscopy  200J. 
99.  247^256 

(37)  DuOKSOn  A.  Macromol.  Chem.  Phys.  1999.  200,  18I3-IS30. 

(38)  Heinz,  H.i  Kocmer.  H  :  Anderson.  K.  L.;  Yaia,  R.  A.:  Faimer,  B. 
L.  Submitted  for  puhlscal  ion  in  Chem.  Mater. 

(39)  Biuwn,  G.  7l?e  X-ray  Identification  and  Crystal  Structures  of  Clay 
Minemfr.  Mineralogist  Society:  London  t96l. 

(40)  Mcring.  J.  Smectites.  In  Soli  Components r  Vo  I,  2.  Inorganic 
Components',  Gei&eking.  J.  E.,  Ed.i  Springer- Verlag:  New  Yoife,  1975. 

(4  ] )  Moore h  D.  M  :  Reynolds.  R.  C.  X-ray  Diffraction  and  Identification 
and  Analysis  of  Clay  Minerals,  2nd  ed. ;  Oxford  I  Ini  versily  Pness-  Oxford, 
1997. 

(42)  DritS-  V .  A. :  TchuUbar,  G  X-ray  Diffraction  by  Disordered  Lamellar 
Structures:  Springer- V'erlag:  Berlin,  1990. 

(43)  Grim.  R  E.  Cili1.-  Mineralogy,  2nd  ed.:  McGraw-Hill:  New  York. 
1968. 

(44)  Am  us,  L  A.;  Henderson.  R.;  Unwin.  F.  N.  T.  Prog.  Biaphvs.  Mol. 
Biol.  1982.  39,  t  S3 -231. 

(45)  Kumar,  5..;  Adams.  W.  W.  Polymer  E990,  31.  I5-J9- 

(46)  Gu.  B.  X.:  Wansr,  I..  M.:  Mine,  L  D-:  Ewing,  R.  C.  /■  Nuet.  Mater. 
2001.  397,345-354. 

(47)  Thi  lo,.  E-;  Schanemann.  H.  Z  Arcare.  A(/e?.  Chem.  1937, 230, 321— 
325. 

(48)  Gnirc,  Ei.  t  :  Bradley,  W.  F.  J.  Am.  Ceram.  5oC-  WQ,  23,  242- 
248. 

(49)  Talmon.  Y.:  Thomas,  E.  [..  J.  Microsc.  1978.  113,  -09-75 

(50)  Grubb,  D.  T.  J.  Mater.  $ri.  1974.  9,  1715- 

(53)  Wang,  5.  X.:  Wang,  [._  M.:  Ewing,  R-  C-  Nud-  Instruct-  Methods. 
B  1998.  141,  509-513. 

(52)  Garter,  G. ./.  Appl  Phys.  1995,  79,  8285 


17B7*  J,  Rhys,  Chem .  5,  VbJL  JGP,  J&  2M5 

(53 1  Rickards-  J  ;  Oliver,  A .;  Jos£- Yacaindn ,  M.  {Jlitwiiia  wsccpy  1  989, 
JO,  425-428. 

(54)  Naguib,  H.  M.:  Kelly.  R.  fluttmt  £[{■  1975-  25,  I. 

(55)  Wang,  L.  M.;  Ewing-  R.  C.  MRS  Bull  1992,  77,  38. 

(56)  Pauling-  L.  The  Chemical  Band— A  Brief  rntroduction  to  Mod¬ 
em  Structural  c:heniisu\ :  Cornell  University  Press:  Ithaca,  NY,  11067; 
p  69. 

(57)  Cowley-  J  M.  Diffraction  Phyxiry,  North-Holi  and-  AtnsierdaJTu 
193  L 

(58)  Cowley-  J.  M.;  Hoodie,  A.  L-'.  Acta  Crystal  lo%r.  1957,  10,  609- 

(59)  Cowley-  J.  M.;  Hoodie,  A.  F.  Acta  CrysMhgr  1959-  72-  353. 

(60)  Cowley,  J.  M.:  Hoodie,  A-  F-  Ackt  Cryttlaltogr.  1957,  i2.  360. 

(61)  Goodman-  p;  Mood  it,  A  F.  Acte  Crystaltogr.,  A  1974,  50,  2gQ. 


D  rummy  et-al. 

(62)  HirSCh,  K,;  Howie-  A.;  Nicholson,  R.  B.;  Pa.<hl  ey,  D-  W. ;  Whelail- 
M.  J.  Electron  Micntsc  typv  ofThw  Crystals;  Krieeer  Publishing;  Malabar. 
FL,  ]  977,  Chapter  7- 

(63)  SrolovitZ*  D.  J.;  Safran,  S.  A.;  Teime,  R,  Phyp  Rat.  F.  1994,  49, 
5260. 

(64)  Kilbel,  c.;  Gonzdlez-Ronda,  L:  Drurmny,  L.  f.;;  Martin,  D.  C.  J. 
Rim.  Org.  Chm.  2009,  13,  816-329. 

(65)  Stevens^  K.  K.  Statics  &  Strength  of  Materials,  2nd  ed ;  Prentice 
Hall:  New  York*  1987-  p  360. 

(66)  Schaefer-  D.  W.;  et  al.  Large-Scale  Morphology  of  PHspersed 
Layered  Silicates.  In  Neutron  and  X-ray  Scattering  OS  Probes  of  Mtoltiscale 
Phenomena',  PochaJl-  D-?  fit  al,  Eds.;  Materials  Research  Society:  War- 
residale,  PA,  2005. 


